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A.l  CONSTRUCTION  BY  BONDING  THERMOFORMED  SPHERICAL  PENTAGONS* 

The  procedure  of  producing  an  acrylic  sphere  by  this  process  is  graphically  shown  in 
figures  A.l  through  A. 26. 

A.  1.1  Fabrication 

The  first  step  was  to  thernioform  a flat  blank  of  acrylic,  2.5  inches  (6.4  centimeters) 
thick  and  46  inches  (117  centimeters)  in  diameter,  into  a spherical  shell  sector  with  a 33-inch 
(84  centimeters)  radius  in  a concave  spherical  mold.  The  blank  was  cut  from  a 4-  by  5-foot 
( 1 .2  by  1.5  meters)  commercial  sheet  of  2.5-inch-thick  (6.4  centimeters)  acrylic.  The  thermo- 
forming mold  was  a custom-built  aluminum  dish  with  a surface  texture  of  32  microinches 
(0.0008  millimeter).  Four  3/32-inch-diameter  (0.2  centimeter)  vacuum  holes  were  drilled  at 
the  bottom  of  the  mold.  Before  thermoforming,  the  cylindrical  surface  of  the  acrylic  blank 
was  machined  to  a 200-microinch  (0.005  millimeter)  surface  texture  to  promote  a good 
vacuum  seal  between  the  heated  blank  and  the  mold.  Four  I /8-inch-diameter  (0.3  centimeter) 
by  2-inch-deep  (5  centimeters)  holes  were  drilled  into  the  outside  edge  of  the  circular  blank 
perpendicular  to  the  cylindrical  surface  and  parallel  to  the  Hat  surface  of  the  blank  for  instal- 
lation of  iron-constantan  thermocouples.  These  thermocouples  were  spaced  90  degrees  ( 1 .57 
radians)  to  each  other. 

After  positioning  the  acrylic  blank  in  the  mold,  both  were  placed  in  an  oven  and  gradu- 
ally heated  to  300°  F ( 149°(.  ) over  a period  of  24  hours.  The  sequence  of  thermoforming 
events  was  as  follows: 

a.  1545  hours:  parts  placed  in  oven  with  temperature  at  165°F  (74°C)  and  allowed 
to  remain  overnight;  fan  on. 

b.  0745  hours:  oven  temperature  raised  to  300°F  ( 149°C');  fan  on. 

c.  1030  hours:  acrylic  blank  sagged  a constant  amount  with  temperature  at 

254°F-  ( I 23°(')  at  0.25  inch  (0.6  centimeter)  from  air-exposed  surface 
275°|'  ( I35°(')  at  both  midpoints  of  blank  thickness 
297°F  ( I47°(')  at  0.25  inch  (0.6  centimeter)  from  mold  surface 
299° F'  ( 148°C')  at  the  mold  surface 

il.  1 530  hours:  oven  temperature  raised  to  3 1 0°F’  ( 1 54°C’);  fan  on. 

e.  1 545  hours:  all  temperatures  became  300° F ± 1°  ( 149°(');  vacuum  of  25-inch 
(64  centimeters)  mercury  applied  to  mold;  blank  immediately  sagged  and  held  completely  to 
mold  contour;  fan  on. 

f.  1600  hours;  oven  and  fan  turned  off  ; oven  door  remained  closed;  vacuum  left 
on  all  night. 


•This  process  was  ilcvelopeil  by  the  U.S.  Navy  at  the  Naval  Missile  ( enter.  Point  ('alitornia.  and  at  the  Naval  Civil 

I neinecrin^  Laboratory.  Port  Hueneme.  ('alifornia.  in  1966.  The  description  of  the  prtHX'ss  for  a 2.5*inch-thick  (6.4  cen- 
timeters) sphere  with  a 33-inch  (84  centimeters)  radius  is  applicable  to  spheres  of  any  thickness  and  radius. 
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g.  0800  hours:  vacuum  turned  off;  oven  temperature  at  1 10°F  (43°C);  oven  door 
opened  and  oven  allowed  to  cool  to  room  temperature;  tliermoformed  acrylic  shell  removed. 

Each  thermoformed  shell  sector  was  stored  in  a contoured  box  with  .soft  lining  to 
prevent  damage  to  the  acrylic  surface.  A vacuum-operated  chuck  was  built  to  hold,  rotate, 
and  position  the  acrylic  shell  sector  for  cutting  and  machining  into  a pentagonal  shape.  The 
chuck  utilized  vacuum  to  hold  the  shell  sectors  in  the  fixture,  and  air  pressure  to  rotate  and 
index  the  shell  sector  for  the  five  straight  cuts  to  form  a pentagon.  The  acrylic  shell  sectors 
were  first  rough  cut  on  a band  saw  into  pentagon-shaped  segments.  Final  machining  was  per- 
formed on  a numerically  controlled  automatic  milling  machine.  The  milling  cutter  was  a 
2-inch-diameter  (5  centimeters),  helical  type  that  rotated  at  .3800  rpm  and  fed  at  10  inches 
per  minute  (25  centimeters  per  minute).  A coolant  of  detergent-based  water  was  used  dur- 
ing the  milling  operation.  The  resulting  surface  texture  at  the  pentagon  edge  was  6.3  micro- 
inches (0.0016  millimeter),  which  was  .satisfactory  for  cementing  purposes.  Two  of  the 
spherical  acrylic  pentagons  were  conically  bored  for  their  metal  end  plate  insert.  These  holes 
were  conical  with  their  projected  apex  at  the  center'of  curvature  of  tlic  spherical  |ientagon 
surface.  After  the  machining  operations,  each  spherical  pentagon  was  annealed  at  16()°F 
(7)°C')  for  24  hours  to  reduce  residual  internal  stresses  and  crazing  potential  in  the  acrylic 
plastic.  Annealing  was  performed  while  the  spherical  pentagon  rested  in  its  contoured  box. 

A.  1.2  Construction 

Assembly  of  the  5.5-foot-diameter  ( 1 .7  meters)  acrylic  hull  was  accomplished  by  a 
two-phase  bonding  technique  in  which  two  quasihemispheres  composed  ol  six  bonded 
spherical  pentagons  were  bonded  together  into  a sphere.  To  prepare  the  pentagon  lor  bond- 
ing, the  cemented  surfaces  were  sanded  with  240-  and  40()-gril  sandpapers  to  develop  ade- 
quate Joint  strength.  A bonding  procedure,  suggested  by  the  maker  of  the  l’S-.3()  polymeriz- 
ing cement,  was  to  use  a butt  joining  gap  of  1/8  inch  (0..3  centimeter)  between  the  adjacent 
2.5-inch-thick  (6.4  centimeters)  acrylic  pentagons.  One  polar  pentagon  with  its  conical  liole 
and  five  reg  dar  pentagons  were  hemispherically  positioned  in  an  assembly  lixture.  I he 
assembly  fixture  was  preadjusted  by  means  of  an  accurately  dimensioned,  dummy,  glass- 
reinforced  plastic  sphere  to  produce  the  66-inch-diameter  ( 168  centimeters)  Nl  MO  sphere. 
The  pentagons  were  spaced  0.125  inch  (0..3  centimeter)  apart  witli  0.25-inch-diameter  (0.(> 
centimeter)  acrylic  spacers.  Two  spacers  were  placed  on  each  24-incli-long  (6l  centimeters) 
siile  of  the  pentagon  at  2 inches  ( 5 centimeters)  from  the  corners.  I he  joints  were  mateheil 
on  the  outside  surface  (convex)  to  form  a continuous  smooth  contour  between  adjacent 
pentagons.  Decause  of  the  variation  in  the  thickness  of  the  pentagons,  the  insiile  siirlaee  :it 
the  joints  was  not  expected  to  be  even.  The  joints  were  masked  with  cellophane  liber  tape 
aiul  a preformed  aluminum  foil  to  create  a protruding  bead  ot  cement  at  the  joint  to  account 
for  any  shrinkage  of  the  bonded  joint.  Flie  excess  beails  were  polisheil  away  to  ensure  a 
botuled  joint  flu'>h  w ith  the  surface. 

PS- .30.  the  polymerizing  acrylic  cement,  consisted  i>l  two  components:  component  .A 
(base  resin)  and  component  B (catalyst).  The  catalyst.  50  milliliters  of  component  B.  was 
dissolved  in  d50  milliliters  of  the  resin  at  (i()°F  ( l(i°(  ) by  stirring  the  mix  slowly  beneath  the 
surface  to  avoid  entrapment  of  air  bubbles  in  the  cement.  1 he  cement  mixture  vsas  then 
placed  under  vacuum  and  degasseil  (or  10  minutes  to  remove  all  air  bubbles  belore  pouring 


into  the  prepared  joints.  I'lie  pot  life  of  this  mixture  was  30  minutes  which  was  adequate  for 
defia.ssint’  and  (xxirin};  purposes. 

The  cement  was  poured  simultaneously  into  two  vertical  masked  joints  at  opposite 
sides  of  the  hemisphere  hy  means  of  funnels  and  polyethylene  squeeze  bottles.  The  cavity 
in  the  joint  area  was  filled  by  jtravity.  wliile  each  funnel  or  bottle  attached  to  the  cavity  was 
kept  full  to  prevent  air  hubbies  from  entering.  New  batches  of  adhesive  were  continuously 
prepared  as  the  pouring  proceeded  to  maintain  constant  head  in  the  funnel.  This  process  con- 
tinued until  the  adhesive  filled  all  the  joints  in  the  hemisphere,  including  the  other  three  verti- 
cal joints.  If  air  was  trapped  in  some  of  the  horizontal  joints  between  advancing  columns  of 
adhesive,  a hole  was  punched  in  the  tape  at  that  location  with  a needle.  After  all  the  trapped 
air  escaped  and  the  adhesive  began  to  ooze  out.  the  hole  was  sealed  with  a tape  patch  pre- 
pared for  this  purpose.  Utilizing  this  techni(|ue.  a continuous  joint  was  prepared  in  the  hemi- 
sphere with  only  a minimum  of  entrapped  air.  The  few  resulting  bubbles  were  less  than  0.25 
inch  (O.b  centimeter)  in  diameter,  and  in  most  cases  they  were  located  at  the  edges  of  the 
joint  where  they  could  be  easily  refilled  with  adhesive  after  the  tape  was  removed  from  the 
ioints. 


The  final  assembly  into  a sphere  was  performed  by  matching  and  bonding  the  two  pre- 
viously constructed  hemispheres  of  six  bonded  pentagons  each.  The  cement  was  allowed  to 
cure  at  room  temperature  for  4X  hours  before  the  protruding  bead  at  the  joint  was  ground 
and  polislied.  I'he  whole  hull  was  then  polished  to  minimize  surface  blemishes.  The  com- 
pleted hull  was  annealed  in  the  oven  at  lb()°l'  (71°0  I'or  24  hours  and  allowed  to  cool  at  a 
rate  of  approximately  7°T  (-I4°(')  per  hour  until  room  temperature  was  reached. 

A.  1.3  Ouality  Control 

The  first  measurement  was  the  thickness  of  each  Hat  sheet  of  acrylic  used  as  the 
thermolorming  blank.  I he  thickness  of  the  acrylic  sheet  was  within  the  MlL-P-2!  105C  speci- 
fications for  type  (i  acrylic  of  2.5  inches  (b. 4 centimeters)  thickness,  which  was  +0.074  inch 
(0.2  centimeter)  and  -O.lKl  inch  (0.5  centimeter) 

I he  second  measurement  was  of  the  acrylic  thickness  after  thermoforming.  In  gen- 
eral. the  acrylic  blank  increased  in  thickness  around  its  periphery  and  decreased  in  thickness 
at  the  center  after  the  thermoforming  operation  in  the  female  mold.  The  increase  at  the 
periphery  was  approximately  0.080  to  0. 1 10  inch  (0.2  to  0.3  centimeter).  At  the  center  of 
the  thermoformed  blank  the  thickness  decreased  approximately  0.020  inch  (0.05  centimeter). 

A tliiril  measurement  was  the  acrylic  thickness  after  annealing  of  a machined  penta- 
gon; no  net  change  in  thickness  was  foiiml  between  the  thermoformed  and  the  annealed 
pentagon. 

I he  curvature  of  an  acrylic  blank  was  compared  with  the  curvature  of  the  forming 
molil.  I he  concave  surfaces  of  Ihe  mold  and  the  blank  were  measured  by  swinging  an  arc 
with  .1  dial  imlicator  about  Ihe  center  of  the  spherical  surface. 
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The  acrylic  blank  uenerally  appeared  ‘o  tlatten  near  the  apex  and  acquire  increased 
curvature  in  its  skirt  region.  The  largest  deviation  in  radius  was  less  than  0. 1 percent  of  the 
spherical  radius  of  the  thernioformed  blank.  It  should  be  noted  that  the  mold  was  made  with 
a shorter  radius  at  the  skirt  region  to  compensate  for  an  expected  incomplete  contact  between 
the  thernioformed  acrylic  blank  and  the  corresponding  mold  surfaces.  As  expected,  the  acrylic 
blank  acquired  less  curvature  than  the  mold  in  the  skirt  region,  but  still  short  of  the  specified 
33.000  outside  radius. 

The  convex  surface  of  the  thernioformed  acrylic  blank  showed  some  mark -off  where 
the  aerylic  was  in  contact  with  the  mold  which  had  a surface  texture  of  32  microinclies  (0.0008 
millimeter).  These  marks  were  less  than  0.003  inch  (0.008  centimeter)  in  height  and  disap- 
peared when  in  contact  with  water  because  of  the  small  dissimilarity  in  index  of  refraction  be- 
tween acrylic  ( 1 .40)  and  water  ( 1 .33).  Since  nothing  contacted  the  concave  surface  of  the 
aerylic  blank  during  thermoforming,  the  acrylic  remained  unmarred  on  this  side.  When  viewed 
through  polarized  plates,  the  skirt  region  of  the  acrylic  blank  showed  more  stress  pattern  than 
the  apex  region. 

The  radial  mismatch  between  adiacent  pentagons  was  less  than  0.032  inch  (0.08  centi- 
meter) on  the  outside  surface;  however,  the  inside-surface  mismatch  at  the  joint  was  depend- 
ent on  the  difference  in  pentagon  thicknesses.  Typical  mismatches  were  less  than  3/ lb  inch 
(0.5  centimeter)  on  the  inside  surface.  The  mismatch  on  the  outside  surface  was  reduced  by 
producing  a faired  contour  when  the  hull  was  polished. 

Uniaxial  tensile  loads  were  applied  to  aerylic  specimens  with  l’S-30  bonded  joints  with- 
in 1 month  of  bonding.  The  test  specimens  were  machined  from  aerylic  samples  made  by 
duplicating  the  bonding  procedure  used  to  assemble  the  5.5-foot-diameter  (1.7  meters)  hull. 

In  three  tests,  the  breaking  stresses  were  8779,  8893.  and  b573  pounds  per  square  inch  (bO.5, 
61.3.  and  45.3  megapascals).  In  compression,  the  samples  could  not  be  fractured  at  stresses  as 
high  as  16,000  pounds  per  square  inch  ( 1 10.3  megapascals),  although  the  PS-30  Joint  took  a 
permanent  distortion  of  about  5 percent. 

To  insure  proper  fit  into  a sphere,  dimensions  for  each  pentagon  were  verified  during 
manufacture.  The  assembled  hull  was  measured  for  diameter  with  an  improvised  micrometer 
and  for  curvature  with  a template  and  feeler  gages.  A total  of  30  diameter  measurements  was 
taken  in  a controlled  atmosphere  room,  and  time,  temperature,  and  humidity  for  each  meas- 
urement were  recorded.  To  summarize  these  measurements,  the  mean  diameter  of  the  hull 
across  centers  of  the  pentagons  was  6(i.  I 26  inches  ( 1 67.96  centimeters);  across  the  corners, 
which  are  adiacent  to  the  polar  pentagons,  it  was  66.049  inches  ( 167.76  eentimeters);  and 
across  the  corners  in  the  equatorial  zone,  it  was  65.982  inches  ( 1 67.59  eentimeters).  These 
measurements  indicated  that  the  NHMO  serial  number  0 hull  was  probably  slightly  prolate 
with  slight  bulges  centered  on  the  pentagons.  The  mean  diameter  was  66.030  inches  (167.72 
centimeters)  with  the  maximum  diameter  at  66. 1 58  inches  ( 1 68.04  eentimeters)  and  the  mini- 
mum at  65.920  inches  ( 167.44  centimeters).  The  maximum  deviation  on  radius  of  curvature 
of  the  hull  surface  was  within  0.5  percent  of  the  design  radius  of  the  hull. 


The  5.5-foot-diameter  ( 1.7  meters)  capsule  assembly,  including  acrylic  hull,  stainless- 
steel  bottom  plate,  and  mating  ring  with  the  hatch  at  the  top,  weighed  1 526  pounds  (692 
kilograms).  No  optical  distortion  other  than  spherical  aberration  was  noticeable,  and  the 
transmissivity  was  not  affected  bv  minor  surface  Haws  at  the  water-to-acrylic  interface. 
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Although  the  quality  of  the  assembled  capsule  was  structurally  satisfactory  and  con- 
structed according  to  plans  in  terms  of  thermoforming  and  machining  operations,  the  hull 
assembly  procedure  and  the  bonding  operations  with  polymerizing  acrylic  cement  invited 
improvements  in  terms  of  cement  curing  and  elimination  of  undesirable  voids  in  the  joints. 
The  joints  also  showed  minor  amounts  of  residual  stress  when  viewed  through  polarized 
plates. 

A.  1.4  Conclusion 

Fabrication  and  construction  procedures  fora  5.5-foot-dianieter ( 1 .7  meters),  2.5- 
inch-thick  (6.3  centimeters),  acrylic  hull  in  the  form  of  a spherical  dodecahedron  were  suc- 
cessfully developed  using  commercial  acrylic  sheet  stock.  Similar  fabrication  procedures 
have  also  successfully  produced  5.5-foot-diameter  ( 1 .7  meters),  4.0-inch-thick  ( 10  centime- 
ters) hulls  meeting  ANSl/ASME  PVHO-1  and  U.S.  Navy  specifications  for  pressure  vessels  for 
human  occupancy. 

A.  1.5  Bibliography 
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Figure  A.3.  Transporting  the  disc  from  the  band  saw  to  a milling  machine  where 
the  edge  of  the  disc  will  be  milled  smooth. 


Figure  A.  t.  Milling  the  edge  of  the  disc  smooth  so  that  an  airtight  seal  with 
the  concave  surface  of  the  mold  can  be  achieved. 
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I'igure  A. 5.  Placing  the  disc  into  a vacuum  mold  after  the  protective 
paper  has  been  stripped  from  the  bottom  surface. 


Figure  A.6.  Disc  after  the  protective  paper  has  also  been  stripped 
from  the  top  surface. 


Figure  A. 7.  Disc  after  therniofurniing  in  allot  ait  oven  Note  tlie  tliernio- 
eouples  used  for  nieasureinent  of  teinperalure  in  tlie  a.-.  »lie. 


Figure  A,8.  Removing  the  thcrmoformcd  sector  from  the 
mold  with  a vacuum  cluick. 
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Figure  A.l  5.  Storage  of  finished  pentagons 
in  individual  padded  boxes  prior  to  their 
assembly  into  hemispheres.  At  this  time 
two  of  tlie  pentagons  have  conical  open- 
ings machined  in  them  to  fit  metallic 
closures. 


Figure  A lb.  Aligning  spherical  irentagons  in  the  assembly  jig  prior  to  bonding. 


Figure  A.  17.  Bunded  hemisphere  alter  removal  from  the  assembly  jig. 


Figure  A. 18.  Aligning  two  hemispheres  prior  to  bonding 
of  the  equatorial  joint. 
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Pigiirc  A.l‘>.  Sanding  and  polishing  bonded  joints 
on  the  sphere. 


Figure  A. 22.  Measuring  the  sphericity  with  a template  and  feeler  gages. 


Figure  A. 25.  Inspecting  the  sphere  for  residual  strains  with  the  aid  of  polarized  light 


A.2  CONSTRUCTION  BY  BONDING  OF  C/  ST  HEMISPHERES* 


rile  procedure  ot  produeiiii:  an  aerylie  spliere  by  this  proeess  is  graphically  shown  in 
figures  A. 27  through  A. 52. 

A.2. 1 Tooling 

Fooling  tor  precision  casting  of  acrylic  plastic  hemispheres  consisteil  of  a mold  assem- 
bly, autoclave  cart,  and  strongback. 

The  mold  assembly  was  a matched  set  of  male  and  female  molds.  Considerable  care 
went  into  its  design.  It  was  to  serve  as  the  form  for  gelling  and  polymerizing  the  acrylic 
plastic  and  also  as  a power-assisted  jig  for  separating  the  polymeriz.eil  casting  from  the  mold 
assembly.  In  addition,  the  mold  assembly  h.ad  to  fit  the  autoclave  where  polymerization 
occurred  under  elevated  temperature  aiul  pressure. 

I he  major  components  of  the  assembly  were  a female  mold  (serving  as  foundation  for 
tour  flanged  wheels),  a male  mokl  (serving  as  foundation  for  six  hydraulic  lifting  jacks  and 
six  elevation  atijusting  screws),  and  a manually  operated  hydraulic  pump  (for  pressurization 
ol  hydraulic  jacks).  The  entire  assembly  was  fabricateil  from  welded  low-carbon  steel. 

I he  hyilraulic  jacks  mounleil  on  the  extensions  of  the  male  mold  served  to  separate 
the  male  molil  from  the  polymeriz.eil  casting  that  gri|iped  the  mold.  Since  the  shrinkage  of  the 
casting  was  known  to  be  in  the  5 to  10  percent  range,  a sidistantial  shrinkage  grip  was  exerted 
on  the  male  mold  by  the  cured  casting.  To  overcome  the  friction  between  the  mold  and  the 
casting,  each  jack  was  designed  to  exert  up  to  10  tons  of  thrust  against  the  eiiuatorial  surface 
ol  the  casting.  .A  manually  operated  hydraulic  pump  provided  pressurized  oil  through  flex- 
ible hoses  to  the  hydraulic  jacks. 

1 he  thrust  of  the  hydrauhc  jacks  was  augmented  by  ajr  pressure  apphed  through  a 
fittjng  in  the  bottom  of  the  male  mold  to  the  interface  between  the  mold  and  the  casting. 

I he  provision  for  applying  air  pressure  to  this  interface  was  found  during  subseiiuent  cast- 
ing operations  to  be  very  helpful,  as  the  hydrauhc  jacks  alone  could  not  always  insure  sepa- 
ration between  the  male  mold  and  the  casting. 

Fhe  separation  between  the  female  mold  and  the  casting  was  accomplished  by  pres- 
surized water  that  was  pumped  into  the  annular  space  between  them  through  a fitting  located 
at  the  bottom  of  the  mold.  After  they  were  further  separated,  an  intlux  of  water  made  the 
casting  float  up  in  the  mold  until  a lifting  jig  could  be  attachey.to  it. 

The  elevation-adjusting  screws,  located  on  the  extensions  of  the  male  mold,  were  used 
to  adjust  the  clearance  between  the  bottom  of  the  male  mold  and  the  female  mold.  They 
also  helped  to  locate  the  center  of  the  male  mold  jn  the  center  of  the  female  mold.  With  the 
help  of  these  screws  jt  was  possible  to  center  the  male  mold  within  O.O.^O  inch  (0.08  centi- 
meter) of  the  desired  location. 


I ho  oaslin);  process  was  developed  joinlly  by  llie  Naval  Undersea  Center.  Harbor  Branch  l•ollndation.  and  Polymer 
Products  in  197.S.  The  description  of  the  process  is  for  a 4.2.S(l-inch-lliick  (10.7  ccnlimcteis)  sphere  with  a 3.7.25 
inch  (H4.5  centimeters)  outside  radius;  it  also  applies  as  to  spheres  of  other  thicknesses  and  radii. 
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FlanticU  wheels,  atlaelieil  to  the  lower  e^  ternal  eireuml'erential  stiri'ener  on  the  I'emale 
molii,  were  desisineil  lor  moving  the  mold  assembly  on  rails  in  and  out  oC  the  antoelave  lo- 
eated  at  Polymer  Prodnets.  In  this  manner,  the  mold  assembly  eoiikl  be  easily  Tilled  with 
easting  mix  outside  the  antoelave  and  then  without  disturbing  the  gelling  mixtnre  moved  in- 
side the  antoelave. 

The  strongbaek  consisted  of  a circular  Trame  with  a liTting  sling.  The  liiameter  ol  the 
circular  Trame  was  smaller  than  the  outer  iliameter  oT  the  aerylic  hemisphere  to  permit  liTt- 
ing oT  the  hemisphere  Trcnn  the  Temale  mold  al  ter  the  hemisphere  was  partially  raised  in  the 
mold  by  Torcing  water  between  the  casting  and  the  mold.  The  strongback  was  attached  to 
the  casting  by  rlisassembling  it  into  two  halves,  placing  them  aronnd  the  casting,  and  clamp- 
ing them  together  with  bolts. 

.\.2.2  Casting  Process 

The  casting  process  developed  t\)r  this  purpose  by  Polymer  Prodnets  oTOaklaml. 
CaliTornia,  consisted  oT  five  distinct  steps:  ( 1 1 mixing  oT  resin  with  additives;  ( 2 ) pouring 
the  resin  mix  into  the  mold  assembly;!.')  gellation  oT  the  resin  mix  in  the  mold  at  atmos- 
pheric pressure  and  temperature;  (4)  polymeri/.ation  oTthe  gelled  resin  mix  insitle  the  auto- 
clave nnder  elevateil  temperature  and  pressure;  aiul  (5)  removal  ol  the  poK  tneri/eil  casting 
Trom  the  mokl. 

Mixing  the  acre  lie  anil  the  reiinired  additive  was  done  nnder  atmospheric  pressure 
,md  temperature.  The  basic  casting  mix  was  1000  milliliters  ot  l)n  Pont  methvl  metacrylate 
monomer,  1 .‘'00  grams  ot  l)n  Pont  polymer  41NC0h  passing  number  77  sieve.  2 crams  ot 
Dll  Pont  catalyst  Va/o  .‘'2.  and  10  milliliters  oTSartomer  Kesins  Company  methylene  glycol 
metacrylate  Tor  cross-linking.  The  materials  were  mixed  together  with  an  electric  rotary 
mixer  and  placed  nnder  XO  millimeters  oT  vaennm.  Al  ter  several  minutes,  the  vaennm  was 
released,  and  the  mix  w;is  stirred  until  it  thickened  to  a thick  cre;imy  consistency.  At  that 
time,  the  mix  was  poured  into  the  mokl  assembly  preiionsly  cleaned  with  methyl  ('retiul 
alcohol.  The  mixing  oT  b;itches  w;is  repeated  many  times  until  the  ;mnnlar  space  between 
the  male  and  temale  molds  was  completely  lilletl. 

(iellation  oT  the  casting  inside  the  mokl  assembly  occurred  nnder  atmospheric 
pressure  and  temperainre.  .Mthongh  the  length  oT  time  varied  with  ;itmospheric  tempera- 
ture. several  hours  were  iisnally  snlTicient. 

Polymeri/ation  of  the  gelled  resin  mixtnre  took  place  inside  ;i  hori/ontal  ;nitocla\e. 
The  resin-Tilled  mold  assembly  w;is  rolled  into  the  autoclave  on  tracks,  extending  trom  the 
gener.il  assembly  are;i  into  the  interior  oT  the  autoclave,  anil  the  door  was  lockeil  in  place. 

The  door  w;is  then  closed  ;nul  pressnri/ation  with  compressed  ;hr  initiated.  .Alter  .ipproxi- 
malely  b hours,  the  internal  pressure  reached  I 50  ponnds  per  sipune  inch  ( 1 .02  mega- 
pascals). This  served  .is  ,i  signal  Tor  initiation  ot  the  thermal  cycle,  w hich  consisteil  ol  raising 
the  temperature  oT  the  pressnri/ed  ;mtoelave  Trom  SO  to  1X0°1-  t27  to  .S2‘’(  ) in  .'  honrs  and 
.^0  minutes.  This  temi'eratnre  w;is  maint;iined  Tor  l.S  honrs. 

The  cooling  ilown  oT  the  pressnri/eil  autoclave  to  I 20°1  l40°(  ) took  24  hours.  .At 
I 20°F'  (40°(').  the  antoelave  w;is  depressnri/ed.  the  door  opened,  the  imile  mokl  separated 
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Irt)iii  llie  ciisliiig,  ;iiul  iho  iiii|in.'ssiiri/eii  autoclave  was  allowed  to  cool  down  to  X0°F 
(:7°C). 


The  crucial  step  in  the  polynieri/ation  process  was  the  separation  of  the  male  mold 
from  the  already  polymeri/.ed,  hut  still  hot.  castinti.  The  separation  between  the  titihtly 
wedged  male  mold  and  the  hemispherical  casting  was  acliieved  I'y  simultaneously  applying 
air  pressure  to  the  fitting  in  the  hottom  of  the  male  mold  and  hydraidic  pressure  to  the  six 
hydraulic  Jacks  spaceil  around  ihe  circumference  of  the  mold.  While  the  hydraulic  jacks 
attached  to  the  rim  of  the  male  mold  pushed  against  the  rim  of  the  casting,  compressed  air 
applied  through  an  opening  in  the  base  of  the  male  mold  to  the  interface  between  the  male 
mold  and  the  casting  eliminated  the  vacuum  generated  by  upward  movement  of  the  male 
mold.  After  raising  the  male  molil  about  2 inches  (5  centimeters),  it  was  placed  on  wedges 
resting  on  the  rim  of  the  female  niold.  LIpon  completion  of  this  step  the  door  to  the  auto- 
clave was  closed  again  and  the  gradual  lowering  of  ambient  temperature  initiated. 

1 he  lifting  of  the  male  mold  generated  a small  clearance  between  the  male  mold  and 
the  interior  surtace  of  the  casting.  Because  of  this  clearance,  the  casting  could  be  cooleil 
without  generating  tensile  hoop  stresses  in  the  rim  of  the  hemispherical  casting.  II  the  casting 
was  cooled  to  ambient  atmospheric  temperature  without  prior  release  ot  the  male  mokl.  ten- 
sile cracks  appeared  in  the  casting.  Opening  the  autoclave  door  and  rolling  out  the  mokl 
assembly  crimplcted  the  pol\  ineri/ation  process. 

I he  casting  was  removed  trom  the  mold  assembly  in  the  general  work  area  outsitie 
the  autoclave.  I he  male  mokl  was  completely  removed  from  the  interior  of  the  casting  w ith 
.1  forklift;  the  casting  was  partially  raised  inside  the  female  mokl  by  injecting  tap  water 
through  the  bottom  of  the  mold  into  the  interface  between  the  female  mokl  and  the  exterior 
of  the  casting;  and.  the  split  strongb;ick  frame  was  clamped  around  the  casting  protruiling 
from  the  mold  and  lifted  with  the  forklift  from  the  mokl. 

A. 2.3  Inspection  of  Castings 

After  removal  from  the  mold,  the  casting  was  subjecteil  to  inspection,  whose  objec- 
tives were  to  determine  the  quality  of  the  product.  The  inspection  took  place  in  several  steps 
( 1 ) visual  observation.  ( 2)  dimensional  measurement,  and  (.')  testing  of  material  specimens 
for  determination  of  physical  properties. 

Visual  observation  was  conducted  by  utili/ing  transmittctl  sunlight  as  a source  ol 
illumination.  I'he  observation  focused  on  smoothness  of  casting  surlace.  clarity  ol  casting, 
anil  si/e  and  number  of  inclusions  in  the  casting.  1 he  concave  and  convex  surlaces  possessed 
the  same  surface  roughness  as  ilid  Ihe  metallic  molds,  and  no  lurlhcr  tinishing  was  re(]uired. 
except  for  fine  saiuling  and  polishing.  The  eijuatorial  edge  was  in  Ihe  form  ol  a meniscus 
with  a 2 inch  (5  centimeters)  depth  caused  by  shrinking  of  the  resin  mix  during  the  polym- 
erization process.  I his  was  as  expected  and  allowed  lor  in  Ihe  design  ol  ihe  mokl  assembly. 
The  clarity  of  casting  was  e(|ui valent  to  I’lexiglas  ( I ol  a similar  thickness.  .M  ter  I ine  sanding 
and  polishing  of  both  the  convex  and  concave  surfaces,  the  casting  was  lound  to  satisly  the 
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ANSI  ASM IM’V'l  10-1  a'linireiiu’m  tor  Oiirily*  in  acrylic  plastic  viewports.  The  amount  of 
inclusions  varied  from  one  castins:  to  another.  Some  of  the  castinjrs  were  completely  tree  ol 
inclusions,  while  others  containeil  some. 


Dimensional  measurements  were  to  (.ietermine  the  actual  wall  thickness  at  all  loca- 
tions. I'hcrc  was  little  need  to  check  the  sphericity,  as  the  sphericity  of  a castine  always 
closely  conforms  to  the  sphericity  of  the  mold.  Since  the  mold  surfaces  were  machined 
within  ±l).0(i0  inch  (0.15  centimeter)  of  the  specified  radius,  the  sphericity  ot  resulting  cast- 
ings was  more  than  aileijuale  to  meet  .ANSI  .ASMl-  P\'110-l  specitications**  lor  man-rated 
spherical  pressure  hulls  of  acrylic  plastic  ( ±0.5  percent  ol  external  radius). 

The  wall  thickness  of  the  casting  was  checked,  since  during  assemhlv  of  the  molds 
the  male  mold  might  not  have  been  properlv  aligneil  with  respect  to  the  female  mold. 

If  the  alignment  between  the  molds  was  not  correct,  the  wall  thickness  varied  Irom 
point  ti>  point  on  the  hemisphere  although  the  sphericits'  ot  the  surfaces  was  within 
specification. 

riie  wall  thickness  of  the  hemispheres  \aried  from  one  location  to  another,  the 
largest  deviation  in  thickness  being  bnmd  at  the  pole.  Since  the  variation  in  the  thickness 
was  less  than  the  specifieil  5 percent,  it  was  consiilereil  to  be  w ithin  the  range  i.,'  existing 
tr)lerances  imposed  by  machining  tr'lerances  ot  the  mold  and  thus  acceptable. 

Physical  properties  of  the  castings  were  determined  by  testing  material  specimens  cut 
from  the  poles  of  hemispheres,  the  tuture  location  ol  metallic  hatches.  1 wn  speciments  were 
used  per  test  t\'r  each  hemisphere.  I he  results  of  the  tests  were  satisfactory,  as  the  physical 
properties  of  the  material  in  all  cases  met  or  surpassed  the  .ANSI  ASMl  PVllO-l  specitica- 
tions  for  acrylic  plastic  in  man-rated,  pressure-resistance  structures. 

A. 2.4  Fabrication  of  Spherical  Hull 

f abrication  of  the  spherical  submersible  hull  consisted  of  machining  and  bonding 
hemispherical  castings,  followed  bv  polisliing  and  inspecting  the  completed  sphere.  At  the 
conclusion  of  these  operations,  the  finished  hull  was  mated  with  aluminum  inserts  that 
served  as  hatches  and  penetration  plates. 


Machining  the  hemispheres  was  preceded  by  rough  grinding  of  the  equatorial  surface 
with  a rotary  file.  .After  tb.e  eijuatorial  surface  was  ground  down  to  within  1 inch  (2.5 
centimeters)  of  the  final  dimensions,  the  hemisphere  was  mounted  in  a vertical  mill  and  the 
polar  penetration  machined  to  its  tinal  (.limensioti.  .After  the  polar  opening  w’as  completed, 
the  hemisphere  was  turned  over  in  the  mill  and  the  equatorial  surlace  was  machined  to  its 
final  dimension.  Machining  the  equatorial  surface  to  its  final  dimension  completed  the 
machining  operations  of  the  iiemispheres. 


prim  of  si/e  7 mchc'i  per  coltimn  inch  antJ  icJtcrs  fhc  lir7cMr  inch  wtS)  he  clejrly  visible  when  viewed  Irtiin 
ii  distance  -I  20  inches  (51  centimeters)  through  the  thickness  of  the  casting  with  opposite  faces  polished. 

**1  or  h6*inch-()l)  ( IhK  centimeters)  spherical  hulls  the  mavinnim  permitted  deviation  in  sphericity  is  *0. 165  inch 
(0.4 19  centimeter). 
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IJiMuliiii:  the  liL'inisplKMCs  into  ;i  single  slrnetnral  entity  was  aeliieved  by  plaeinu  one 
hemisphere  on  top  of  the  other.  Tlie  width  of  tlie  joint  was  eontrolled  by  placing  small 
acrylic  plastic  spacers  of  0.25  inch  (0.6  centimeter)  thickness  between  the  equatorial 
surfaces  of  the  hemis|>here.s.  The  joint  sjxice  between  carelnlly  aligned  hemispheres  was  siib- 
seipiently  taped  over  w ith  adhesive-backed  aluminum  toil  tape.  lo  bicililate  pouring  the 
adhesive  into  the  joint  cavity,  three  pouring  spouts  were  plumbed  to  openings  in  the  tape 
covering  prtrvided  for  this  purpose. 

The  adhesive  was  prepared  by  mixing  the  same  ingredients  that  made  nr,  the  basic 
casting  mix.  The  mix  was  pinned  concurrently  into  the  three  pouring  spouts  around  the 
circumference  of  the  sphere.  M the  same  time,  the  mix  was  also  poured  in  the  test  block 
joint.  This  block  later  served  as  a source  of  test  specimens  for  determination  of  joint 
strenuth.  .ks  soon  as  the  mix  gelled  in  the  joints,  the  sphere  assembly  w ith  the  associated 
test  blocks  was  placed  into  the  autoclave,  where  it  was  subjected  to  temperature  and  pressure 
until  polymeri/alion  of  the  mix  serv  ing  as  adhesive  was  completed. 

rolishmg  of  the  eompleted  sphere  consisted  of  rough  sanding  the  edges  ol  the  joint 
followed  by  fine  sanding  and  polishing  of  both  Die  internal  and  external  surlaees  ol  the 
assembled  sphere. 

,-\.2.5  Inspection  of  .\sscmblcd  Sphere 

Inspection  of  the  finished  sphere  consisted  ol  delaileil  visual  observation,  dimen- 
sional measurements,  and  testing  of  bond  samples.  I'he  objective  ol'  the  visual  observation 
was  to  ascertain  the  effects  of  the  joint  and  repaired  voids  m the  castings  on  the  optical 
properties  of  Die  liiil).  Die  dimensional  measurements  were  performed  to  determine  con- 
formance of  the  as-built  sphere  dimensions  to  the  specitied  dimensional  tolerances.  The 
testing  of  bond  samples  served  as  quality  control  tor  the  bonding  technique  used  for  joining 
the  hemispheres. 

The  visual  inspection  showed  that  the  optical  properties  of  the  sphere  are  usually 
more  than  ailequate  for  underwater  search,  salvage,  or  wiirk  missions  w here  panoramic 
visibility  is  of  paramount  iinporlance.  1 he  only  area  on  the  sphere  that  showeil  optical 
distortion  was  the  equatorial  joint.  The  distortion  was  not  severe  enough  to  lower  sigmt- 
icantly  the  value  of  the  acrylic  sphere  as  a panoramic  observation  capsule.  It  was.  however, 
sufficiently  severe  to  preclude  the  use  of  cameras  at  the  eipiator  for  photographing  objects 
outside  the  acrylic  capsule. 

Dimensional  measurements  of  the  capsule  showed  that  the  diameter  ami  angle  ol  the 
top  and  bottom  polar  openings,  as  well  as  Die  outside  diameter  ot  the  capsule,  were  within 
specified  ilimensional  tolerances. 

Installation  ol  polar  inserts  consisteii  ot  placing  the  top  liatcli  and  bottom  penetra- 
tion plate  and  associated  polycarbonate  gaskets  into  the  respective  polar  penetrations  and 
locking  them  in  place  by  bolting  the  split  retaining  rings. 
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A.  2.6  Findings 


1.  It  is  teclinic;illy  foiisiblc  to  bihricatc  spherical  pressure  hulls  of  any  si/e  by 
bonding  tt)gether  aeryiie  plastic  hemisplieres  that  are  precision  east  in  metallic  mold  assem- 
blies composed  of  male  and  female  mokls. 

2.  Precision-east  hemispheres  do  not  reciuire  subseciuent  maeluning  on  spherical 
surfaces  to  satisfy  ASMF  specified  tolerances  for  sphericity  and  thickness. 

The  physical  properties  of  the  massive  acrylic  plastic  castings  [iroduced  by 
Polymer  ProdiiL'ts  satisfy  ANSI '.ASMl'  PVllO-l  specifications  for  acrylic  plastic  used  in 
man-rated,  external-  or  internal-pressure  vessels. 

4.  Bonding  joints  with  the  same  resin  mix  used  to  cast  the  hemispheres  produces 
joints  with  tensile  strength  in  excess  of  b()00  pounds  per  stpiare  inch  (62  megapascals). 

5.  l arge  hollow  inclusions  in  massive  acrylic  plastic  hemis|iheres  can  be  success- 
fully recast  by  filling  them  with  standard  casting  resin  mix  and  subjecting  the  whole  hemis- 
phere for  a second  time  to  the  polymeri/ation  process. 

The  repaired  hemisphere  is  structurally  as  strong  under  external  hydrostatic 
loading  as  is  a hemisphere  without  recast  hollow  inclusions. 

7.  The  repaired  hollow  inclusions  are  optically  objectionable  if  located  in  the 
crew's  main  field-of-vision. 

.A.  2. 7 Conclusion 

rile  NT’MO  Moil  2000  B assembly  fabricated  by  bonding  two  precision-cast  acry  lic 
hemispheres  met  all  the  eertification  criteria  for  manned  service.  The  maximum  safe  opera- 
tional depth  of  2.X00  teet  (762  meters)  is  based  on  .ANSI  .ASMl'  P\’ll()-I  Safety  Standard 
I'or  Pressure  Vessels  For  Human  Occu|iancy  and  the  reiiuirements  of  .American  Bureau  of 
Shipping  and  of  Det  Norske  Veritas. 
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Figure  A, 27.  Male  and  female  molds  for  easting  hemispheres.  Note  the  tracks 
for  moving  the  mold  assembly  into  the  autr)clave  without  disturbing  the 
easting  slurrv  in  the  mold  assembly. 

IH[[fl[^g 

Figure  A. 28.  Mold  assembly.  Note  hydraulic  jacks  for  lifting  the  male  mold 
out  of  tfic  casting. 
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rigure  A.2‘).  I’roccdurcs  for  removing  tlio  male  mold  j 

and  then  easting  from  the  female  mold. 
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Figure  A.3‘J.  Vertical  mill  used  in  ntachining  the  equatorial 
joint  surface  and  polar  penetration. 


( igurc  A. 42.  Adlicsivc-CDaleil  alimiiniim  lapo 
used  to  seal  the  loiiil  prior  to  lilliii^  it  \sith  a 
easlinj:  slurry  through  two  luiitiels  located  at 
opposite  sides  ol  the  spheie. 


4 


Fi(;urc  A 4.V  IIk'  joint  In  a bond  le^i  specimen 
is  filled  witli  the  same  casting  slurry  as  the 
equatorial  joint  in  the  sphere. 


figure  .A  44  Test  specimen  is  placed  together  with  the  sphere  into  the  autoclave 
and  subiected  to  the  same  temperature  and  pressure  that  was  previously  used  lor 
poly  iiH'ri/alion  ol  the  hemispheres. 


CAUTIONI 


Figure  A.49.  Aluminum  penetration  closure  serving  as  a 
bulkhead  for  feedthroughs. 


Figure  A. 50.  Polycarbonate  gasket  for  metallic  penetration  closures 


riguro  A. 5 1 . Aliiiiiimini  penctraliim  closure,  serving:  as 
personnel  halcli,  alter  installation. 
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APPENDIX  B.  CRITICAL  PRESSURES  AND  DISPLACEMENTS 
OF  CONICAL  FRUSTUMS 


B.l  SHORT-TERM  PRESSURE  LOADING 

Sliort-torm  prossiirc  loailiiii:  cdiisisteil  ol  prcssiiri/iiii:  tlie  viewport  assemlily  at  a rate 
or(>50  poiiiuls  per  stpiare  ineli  t4.4S  meeapaseals)  per  minute  until  eatastrophie  lailure  ol  the 
wniilow  oeeurreil.  Durinji  the  pressuri/atii>n.  axial  tiisplaeenient  wax  measured  at  the  center 
ol  the  window's  low-pressure  lace.  I his  axial  ilisplaeement  represents  the  sum  ol  the  win- 
ilow's  det'lection  and  slidine  inside  the  conical  mountinu. 

Data  eenerated  h\  windows  under  short-term  loadine  operationally  represent  the  be- 
havior of  wimkiws  durini:  a ilive  by  a submersible  or  durinsi  the  pressuri/ation  process  ol  a 
hvperbaric  chamber.  As  soon  as  the  submersible  ceases  to  sink  or  the  hyperbaric  chamber 
ceases  to  be  pressuri/eil  by  its  operator,  the  behavior  ot'  the  window  starts  to  deviate  Irom 
short-term  ilata.  Its  axial  (.lisplacement  increases  even  thouiih  the  jiressure  loailinu  remains 
constant  anil  the  potential  critical  pressure  value  decreases,  both  as  (unctions  ol  lime  and 
magnitude  ot' sustained  pressure  loadine. 

As  a result  ol'  their  operational  limitations,  short-term  data  should  be  utilized  only 
with  a complete  unilerstandini:  ot  their  limitations,  lor  this  reason,  short-term  ilata  are 
eeneralK  used  only  lor  t'lnir  purposes: 

a.  I i.iluation  of  new  window  materials,  mountini:  designs,  mountins:  seat  linishes. 

.md  other  desien  and  material  variables. 

b.  I valuation  ol  ilamaee  to  a vvimlovv  in  the  lorm  ol  era/ine.  scratches,  cracks, 
vveatherine.  nuclear  radiation,  etc. 

e Determm.ition  ol  the  dis|Macemenls  of  windows  durinu  temporary 
overpressuri/ation. 

d.  Determination  ol  the  critical  pressures  ol  windows  uiiiler  temporary 
overpressuri/alion. 

The  data  eeneraled  by  windows  tested  in  mountings  with  Dj  Di  = 1.0  (sections  B.  1 . 1 
.mil  B 1.2)  are  from  the  operational  viewpoint  conservative,  since  usually  in  operational  view- 
ports Dj  D|  > I t)  which  is  known  to  increase  the  short-term  critical  pressure  and  to  decrease 
the  short-term  displacement  ol  anv  vvimlovv.  1 or  bO-deeree  ( I ..x7  radiansl  conical  trustums. 
the  benelicial  eCl'eels  ol  .m  increased  D,  Dj-  ratio  on  (he  crilical  pressure  and  axial  displace- 
ment under  short-term  loadine  have  been  experimentally  established  Isections  B.  1 ..’  and  B.  1 .4). 

Data  eenerated  In  windows  at  ambient  room  temperature  are  direcllv  apivlieable  only 
to  operational  conditions  at  room  temperature  Ki.x  to  "’.x®!- ) ( 1 S to  24°(  ).  l or  operational 
temperatures  beUnv  room  temperature  the  room-temperature  ilata  become  conservative; 
while  tor  temperatures  above  room  temperature,  they  are  unacceptable  unless  properly  dis- 
counted. rile  amounts  that  the  critical  pressures  must  be  decreased  and  the  axial  displace- 
ments increased  can  be  estimateil  Irom  tests  perlormeil  at  .^2.  50.  70.  anil  ‘H)  I-  (0.  10.  _l. 
and  .'2  ( ) ambient  temperature  on  conical  Irustums  with  a bO-desiree  ( 1.5^  radians)  included 
an.ele  (sections  B I ..?  and  B.  1 .4)  in  nunmtines  with  Dj  D|-  = 1 .0  and  Dj  Dp  = I ..x. 
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Most  tlat;i  haw.'  hecn  iicncratL'il  witli  moilcl-scalc  wiiulows  rt)r  reasons  of  economy. 
Since  it  lias  been  proven,  however,  that  there  is  no  si/e  effect  for  acrylic  plastic  t while  it  is 
known  to  exist  for  concrete,  class,  ami  other  brittle  materials),  ilata  Irom  nuulel-scale  win- 
vlows  can  be  used  with  confidence  for  predictinc  the  performance  of  full-scale,  acrylic  plastic, 
conical  frustums.  I he  critical  pressures  can  be  ilirectly  used,  as  the  critical  )iressure  lor  model 
and  full-scale  windows  is  the  same,  if  both  have  the  same  included  ancle  and  t l)j  ratio  and  are 
testevl  in  mountincs  with  the  same  l)j  Dj'  ratio  at  irlentical  ambient  temperatures.  .Axial  vlis- 
placements  of  full-scale  windows  can  be  extrapolated  from  displacements  of  model-scale 
wiiulows.  if  the  ilisplacements  ol  the  imulel-scale  wiiulows  are  multiphevi  by  a rativi  ol  lull- 
scale  to  model-scale  wimlow  diameters. 


B.  \ . 1 Critical  Pressures  t Varying  Included  Angle  I 


I he  dala  ill  tliis  section  arc  conccrncil  with  tlic  critical  pressures  ol  conical  Irustunis 
svith  included  angles  of  30.  OO.  ^>0.  1 20.  and  1 50  degrees  (0.5.  1 ,04.  1.57.  2.0M.  and  2.0 
radians)  under  shorl-terin  pressure  loading  at  ambient  room  temperature  in  mountings  with 
1),  1),  = 1.0*. 


•On  ni.in\  Ufiiros  in  this  ,ip|Knili\  O,  is  noU  il  oillicr  .is  I)  nr  il.  thus  I l>,  I 'O  l/il 


B.1.2  Axial  Displacements  (Varying  Included  Angle) 


riic  data  in  this  section  e concerned  vvitli  the  axial  displacements  of  conical  trus- 
tinns  with  included  angles  of  ed.  60,  dO,  I 20.  and  1 50  degrees  (0.5.  1.04.  1.57,  2,00,  and 
2.6  radians)  under  short-term  loading  at  ainhient  room  temperature  in  mountings  with 
Dj  1),  = 1.0. 
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NOTE; 


o 


B.1.3  Critical  Pressures  (Varying  Temperatures) 


riij  data  in  this  section  arc  concerned  with  tlie  critical  pressures  of  conical  rruslums 
with  '■>0-degree  ( 1.57  radians)  incliideil  angles  under  short-term  pressure  loading  at  32.  50, 
70,  and  OO'^l'  (0.  10,  21,  and  32°C')  amhient  temperatures  in  mountings  with  0.070  < l)j/ 
D,<  1.500.* 


•On  many  fijiurcs  in  tins  appvnJix  D,  is  as  either  l>  i»r  d.  thus  i |)j  i l>  ■ i d. 


Seating  Arrangement  on  Pressurization  Rate:  600-700  psi/min  Material:  Plexiglas  G 

ire  of  Windows  Under  Temperature:  68-72°F  Dj:  1.000  IN. 

Hydrostatic  Loading  { Conical  Angle:  90° 


feet  of  Temperature  on  Critical  Pressurization  Rate:  600-700  psi/min  Material:  Plexiglas  G 

Pressure  of  Windows  Under  Temperature:  As  Shown  Df:  1.000  IN. 

hort-Term  Hydrostatic  Loading  Conical  Angle:  90°  D/Df:  (~  1.500  ~ 


Effect  of  Window  Seating  Arrangement  on  Pressurization  Rate:  600-700  psi/min  Material:  Plexiglas  G 

Critical  Pressure  of  Windows  Under  Temperature:  68-72 °F  Dj:  1.000  IN. 

Short-Term  Hydrostatic  Loading  Conical  Angle:  90°  t/D|:  1 0.250 


Window  Seating  Arrangement  on  Pressurization  Rate:  600-700  psi/min  Material:  Plexiglas  G 

al  Pressure  of  Windows  Under  Temperature:  68-72°F  Df.  1.000  IN. 

ort-Term  Hydrostatic  Loading  Conical  Angle:  90°  l/Df:  0.375 


(jsd)  ejnssajj 


Arrangement  on  Pressurization  Rate:  600-700  psi/min  Material:  Plexiglas  G 


Arrangement  on  Pressurization  Rate:  600-700  psi/min  Material:  Plexiglas  G 

idows  Under  Temperature:  68-72 °F  Df:  1.000  IN. 

tic  Loading  Conical  Angle:  90°  t/Dj:  0.625 


mi 


(isd)  ejnsssij  jositu^ 


+ 4-t-i 

« f i- 

. 1.  i 

.1.1 

MN 

IM 

Nil 

U.  1.4  .\vial  Displacements  (Varying  Temperatures) 


riic  (.lata  in  tliis  scctii>n  are  CDiicerneil  with  tlie  axial  ilis|ilaeements  of  conical  Iriis- 
tums  with  hO-ilcgrec  ( 1.57  radians)  included  angles  imder  short-term  pressure  loading  at  32, 
50,  70,  and  00°l'  (0,  10,  21,  and  32°C')  ambient  temperatures  in  mountings  witlt  0.070  < 
Di/I),<  1.500.* 


*()n  in.iny  riyiiri’".  in  (his  .ippcrnlis  Dj  is  (Kited  either  as  l>  or  d.  Ihiis  |)|  = O = d. 


Pressurization  Rate;  600-700  psi/min  j Material 


d)  ajnssaj 


Axial  Displacement  (inches) 


Pressurization  Rate:  600-700  psi/min  Material:  Plexiglas  G 
.plo<.in.n.  ol  Acrylic  Windows  T.nrp.rolor.r  50»F  Op  1.000  IN. 

K.rt-T.,m  Hydrostotic  Loodin,  | I.Q  | 


p$  Composed  of  5 Windows 


d)  3jnsf3J| 
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B-37 


B-38 


Pressurization  Rate;  600-700  psi/min  Material:  Plexiglas  G 
^xial  Displacement  of  Acrylic  Windows  _ 

, , ' , Temperature:  32 °F  Df:  1.000  IN. 

Under  Short-Term  Hydrostatic  Loading  ^ ^ i 

' Conical  Angle:  90°  D/Df:  | 1.5 


Axial  Displacement  (inches) 


Prsssurization  Rai«>;  600-700  psi/min  Material:  Plexiglas  G 
A<ial  D»ploc.m.nl  ol  Acrylk  Window.  T.mpo.olo,.,  90"F  Df  1.000  IN. 

Undo,  Shon-I.™  H,d,o.lo.«  1<k.din,  | 1,5  H 
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ps  Composed  of  5 Windows 


Pressurization  Rate:  600-700  psi/min  Material:  Plexiglas  G 
al  Displacement  of  Acrylic  Windows  , r. 

. ,,  , , . , Temperature:  68-72°F  Dr:  4.000  IN. 

der  Short-Term  Hydrostatic  Loading  ^ . i . i o /r>  i 

**  Conical  Angle:  90°  D/Df.  | 1,060 
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Pressurization  Rate:  600-700  psi/min  Material:  Plexiglas  G 
Temperature:  68-72°F  0^:4.000  IN. 

Conical  Angle:  90°  D/Df:  1.125 
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Pressurization  Rate:  600-700  psi/min  Material;  Plexiglas  G 
splacement  of  Acrylic  Windows  _ 

, ...  . Temperature:  68-72°F  Df:4.000IN. 

>nort-Term  Hydrostatic  Loading  ......  . n /n.  , 

Conical  Angle:  90°  D/Df:  1.600 


B.2  LONti-TLRM  PRLSSDRE  LOADING 


l.ony-lorm  pivssiiro  louiliiig  consisted  of  pressnri/int:  the  viewport  assembly  at  a rate 
ot  (i5()  inninds  per  sijuare  incli  (4,48  megapascals)  per  minute  to  the  desired  pressure,  hold- 
ing it  lor  1000  hours,  and  then  depressuri/ing  to  0 pound  |ierst|uare  incli  (0  megairascal). 

The  windows  were  subsequently  inspecteil  tor  cracks,  measured  lor  permanent  detormation. 
and  photographed.  Most  tests  were  performed  with  model-scale  windows  at  room  tempera- 
ture in  mountings  with  l)j  'l))  = 1.0. 

rite  axial  tiisplacements  of  model-scale  windows  can  be  used  to  predict  the  displace- 
ment of  full-scale  windows,  if  the  displacements  of  the  model-scale  w'indows  are  multiplied 
by  a ratio  of  the  full-scale  to  model-scale  window  diameters.  Ik'cause  the  test  data  were  gen- 
erated at  room  temperature.  the\'  are  directly  applicable  only  to  operational  conditions  at 
room  temperature,  i'or  operational  tetnperatures  below  room  temperature,  the  displace- 
ment data  lor  a given  long-term  pressure  loading  become  very  conservative,  as  there  is  a sig- 
nificant decrease  in  displacement  amt  permanent  detormation  at  lower  temperatures.  l or 
temperatures  above  room  temperature,  the  ilisplacement  data  cannot  be  salely  used.  How- 
ever. for  temperatures  up  to  1 20°!'  (4‘)°0.  it  is  leasible  to  use  existing  room-temperature 
data  for  estimating  displacements,  if  the  operational  pressures  for  which  the  displacements 
are  sought  are  multiplieil  bv  a factor  ot  1.5.  Thus,  tor  example  to  estimate  the  displace- 
ments of  conical  frustums  at  I2()°I  (4b°G)  uruler  .^.T'.s-.  OtiOb-.  aiui  1 3.3.s.5-pouml-per- 
square-inch  (22.').  45.').  and  ')!.')  megapascals)  long-term  pressure  loading,  the  experimental 
disidacements  at  room  temperature  under  500t)-.  10.000-.  and  2t).000-pouiul-per-square-ineh 
( ;,4.4,  oS.'),  and  l.W.')  megapascals)  long-term  pressure  loading  are  used. 

because  all  long-term  displacement  data  have  been  generated  in  mountings  with 
1),  l)|  = I 0.  they  are  directly  applicable  only  to  operational  view  ports  with  Dj  Df=  1.0. 

Since  operational  viewports  have  mountings  with  Dj  Dj'2>  1.0.  the  vlata  are  conservative  in 
oper.itional  .ipplications.  as  wiiuiow  ilisplacements  in  oiverational  viewports  are  smnewhat 
less  than  those  show  n in  this  appendix  for  cvmical  frustums. 

rite  priin.iry  operational  application  for  long-term  displacement  ilata  is  to  serve  as  the 
basis  for  liie  selection  of  Dj  l)|  ratios  in  the  liesign  of  mountings  for  conical  frustu  ns  to  be 
used  as  windows  in  pressure-resistant  viewports.  The  magnitude  of  the  ratio  is  generally 

established  by  following  this  procedure; 

a.  Determine  from  the  operational  scenario,  the  maxiimun  operational  pressure 
and  the  predicteil  duration  of  its  application.  Multiply  the  predicted  value  ol  maximum 
oper.itional  pressure  by  at  least  a factor  of  2,  and  use  it  to  tiiul  the  maximum  axial 
vlisplacement. 

b.  Select  the  window’s  t 'Dj  on  the  basis  of  maxinuun  operational  pressure,  maxi- 
mum operational  temperature,  maxiimim  iluration  of  operational  pressure,  and  desirable 
cyclic  fatigue  life.  If  the  maximum  operational  pressure  <20.000  pounds  per  square  inch 

( 1 37.')  megapascals),  maxinuim  operational  temperature  < 1 5 1°1'  ((i(i°C).  the  cyclic  fatigue 
life  at  maximum  pressure  <10.000  cycles,  the  design  criteria  in  section  I 5 should  be  used 
to  determine  a safe  t/Dj  ratio.  If  any  of  the  operational  parameters  exceed  these  limits,  the 
ilesigner  must  select  the  t/Dj  ratio  on  the  basis  of  a thorough  stiuly  ol  all  structural  and 
{'perational  variables  allecting  the  lile  I'l  the  acrylic  plastic  window. 
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c.  Filul  the  inaxiimim  axial  ilisplacement  from  experimental  data  generated  at 
5000-.  10,000-,  and  :0.000-poimd-per-.sciiiare-ineh  (34.4,  M.9.  and  137.0  megapascals) 
long-term  pressure  loadings.  If  the  maximum  operational  pressure  differs  from  any  pres- 
sures used  to  generate  the  experimental  data  in  appendix  B.  interpolation  must  he  used  to 
find  the  maximum  predicted  axial  disi^lacement  under  long-term  loading. 

d.  .Select  the  minimum  value  of  the  DjDf  ratio  on  the  basis  of  providing  the  coni- 
cal frustum  with  radial  support  when  it  is  at  its  maximum  calculated  axial  displacement 
during  the  maximum  duration  of  the  long-term  loading.  The  relationship  between  the  maxi- 
mum predicted  axial  displacement  ot  the  window  and  the  !)(■  in  the  ratio  is  expressed  as; 

1),-  = Dj  - :L  tan  4 . ' 

where 

Dj  = nominal  minor  diameter  of  conical  frustum 

!)(■  = nominal  minor  diameter  ol  the  conical  seat  in  the  window  mounting 
L = maximum  predicted  axial  displacement 
a = included  angle  of  the  conical  frustum. 

If  the  calculated  value  of  Dj  Df  is  smaller  than  the  value  shown  in  section  1 5.  the  larger  value 
must  he  used  in  the  design  of  the  window  mounting  seat. 

e.  If  the  Dj/D|-  ratio  chosen  for  the  window  mounting  is  too  small,  during  operation 
of  the  pressure  vessel  at  maximum  pressure  anil  duration  of  loading  the  minor  diameter  ol  the 
window  will  extend  beyond  the  minor  diameter  of  the  seat  in  the  mounting.  I his  is  not  a 
cause  for  immediate  alarm  as  catastrophic  failure  will  not  occur  unless  the  length  ol  unsup- 
ported extrusion  is  very  great,  as  a rule  in  excess  ot  at  least  50  percent  ol  the  nominal  window 
thickiuss.  .Still,  even  if  the  window  is  not  in  imminent  danger  of  catastrophic  failure,  the  situa- 
tion should  be  remedied  by  redesign.  If  not  redesigned,  the  portion  of  the  w indow  extending 
past  the  minor  diameter  of  the  flange  seat  will  exhibit  cra/ing,  minor  cracking,  and  a cylindri- 
cal deformation  that  will  significantly  decrease  the  cyclic  taligue  lile  ot  the  window. 
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B.2.1  Axial  Displacements  (5000  Pounds  Per  Square  Inch) 

The  data  in  this  section  are  concerned  with  the  axial  displacements  of  conical  frus- 
tums with  included  angles  of  30,  60,  90,  1 20,  and  1 50  degrees  (0.5,  1 .04,  1 .57,  2.09,  and 
2.6  radians)  under  long-term  pressure  loading  at  5000  pounds  per  square  inch  (34.4  mega- 
pascals) at  ambient  room  temperature  in  mountings  with  Dj/Df  = 1.0.* 


ii 


1 


I 


•On  many  figures  in  thU  appendix  Dj  is  nt>tcd  as  I)  (»r  d.  thus  l/l)j  = t/l>  - t/d. 

# 
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Displacement  of  Acrylic  Windows  Mounting:  DDL  Type  1 Material:  Plexiglas 

Under  Long-Term  Hydrostatic  Pressure  Temperature:  65-75  °F  Diameter:  1.000  IN. 
10  Hour  Sustained  Loading  Pressure:  5000  psi 


ca 


Displacement  of  Acrylic  Windows  Mounting:  DDL  Type  I Material:  Plexiglas 

Under  Long-Term  Hydrostatic  Pressure  Temperature:  65-75  °F  Diameter:  1.000  IN. 

100  Hour  Sustained  Loading  Pressure:  5000  psi 
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Included  Conical  Angle  (degrees) 


Displacement  of  Acrylic  Windows  Mounting:  DDL  Type  I Material:  Plexiglas 

Under  Long-Term  Hydrostatic  Pressure  Temperature:  65-75  °F  Diameter:  1.000  IN. 

1000  Hour  Sustained  Loading  Pressure:  5000  psi 
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Ditplactment  of  Acrylic  Windows  Mounting:  DOL  Type  I Material:  Plexiglas 

Under  Long-Term  Hydrostatic  Pressure  Temperature;  65-75  °F  Diameter:  1.000  IN. 
LJ9^  Cones  Pressure:  5,000  psi 
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B.2.2  Axial  Displacements  (10,000  Pounds  Per  Square  Inch) 


The  data  in  this  section  are  concerned  with  the  axial  displacements  of  conical  frus- 
tums with  included  angles  of  30,  60,  90,  1 20,  and  1 50  degrees  (0.5,  1 .04,  1.57,  2.09,  and 
2.6  radians)  under  long-term  pressure  loading  at  10,000  pounds  per  square  inch  (68.9  mega- 
pascals) at  ambient  room  temperature  in  mountings  with  Dj/Df  = 1.0.* 


'On  many  fiyurc^  in  this  appendi.x  Oj  is  noted  as  1)  or  d,  thus  t/Dj  = t/O  = l/d. 
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B 2.3  Axial  Displacements  (20,000  Pounds  Per  Square  Inch) 


I 

The  data  in  this  section  are  concerned  with  the  axial  displacements  of  conical  frus- 
tums with  included  angles  of  30,  60.  90,  120,  and  150  degrees  (0.5,  1.04,  1.57,  2.09,  and 
2.6  radians)  under  long-term  pressure  loading  at  20,000  pounds  per  square  inch  ( 1 37.9 
megapascals)  at  ambient  room  temperature  in  mountings  with  Dj/Df  = 1.0.* 
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Ditplactment  of  Acrylic  Windows  Mounting:  DOL  Typo  Z Material:  Plexiglas 

Under  Long-Term  Hydrostatic  Pressure  Temperature:  65-75  °F  Diameter:  1,000  IN. 
100  Hour  Sustained  Loading  Pressure:  20,000  psi 
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Under  Long'Term  Hydrostatic  Pressure  J Temperature  : 65-75  °F  Diameter:  1,000  IN. 
500  Hour  Sustained  Loading  | Pressure:  20,000  psi  j 


Included  Conical  Angle  (Degrees) 
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Displacement  of  Acrylic  Windows  Mounting:  DDL  Type  I Material:  Plexiglas 

Under  Long-Term  Hydrostatic  Pressure  Temperature:  65-75  °F  Diameter:  1,000  IN. 

10.875  I Nominal  t/D  Ratio  Pressure:  20,000  psi 
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Displacement  of  Acrylic  Windows  Mount! 

Under  Long-Term  Hydrostatic  Pressure  Temperatu 
! 1.000  I Nominal  t/0  Ratio  i Pressu 


Included  Conical  Angle  (Degrees) 


Displacement  of  Acrylic  Windows  Mounting:  DDL  Type  I Material:  Plexiglas  G 

Under  Long 'Term  Hydrostatic  Pressure  Temperature:  65"75  °F  Diameter:  1,000  IN. 

nW]  Nominal  t/0  Ratio  Pressure:  20,000  psi 


B-82 


Displacement  of  Acrylic  Windows  Mounting:  DDL  Type  I Material:  Plexiglas 

ler  Long 'Term  Hydrostatic  Pressure  Temperature:  65*75  °F  Diameter:  1.000  IN. 
PTsoon  Nominal  t/D  Ratio  Pressure:  20,000  psi 


HA 


included  Conical  Angle  (Degrees) 


Displacement  of  Acrylic  Windows  | Mounting:  DDL  Type  I Material:  Plexiglas 

Under  Long-Term  Hydrostatic  Pressure  ITemperature  : 65-75  °F  Diameter:  1.000  IN. 

[IMH  Nominal  t/D  Ratio  I Pressure:  20,000  psi 


Included  Conical  Angle  (Degrees) 


Displacement  of  Acrylic  Windows  Mounting:  DDL  Type  X Material:  Plexiglas 

Under  Long-Term  Hydrostatic  Pressure  Temperature:  65-75  °F  Diameter:  1,000  IN. 


Included  Conical  Angle  (Degrees) 


Displacement  of  Acrylic  Windows  Mounting : DDL  Type  I Material:  Plexiglas 

ler  Long-Term  Hydrostatic  Pressure  Temperature:  65-75  °F  Diameter:  1.000  IN. 

I I Cones  Pressure:  20,000  psi 


.0500  .700  .900  1.100  1.300  1.500  1.700  1.900  2.100 

t/0  (Thickness  To  Minor  Oiameter  Ratio,  Actual) 


Displacement  of  Acrylic  Windows  Mounting : DDL  Type  I Material:  Plexiglas 

Under  Long-Term  Hydrostatic  Pressure  Temperature:  65-75  °F  Diameter:  1.D0DIN. 
rSBn  Cttnaa  Pressure:  20,000  psi 


t/D  (Thickness  To  Minor  Diameter  Ratio,  Actual) 


DitpUctment  of  Acrylic  Windows  Mounting : DOL  Typo  I Material:  Plexiglas 

Under  Long-Term  Hydrostatic  Pressure  Temperature:  65-75  °F  Diameter:  1.000  IN. 
□1^  Cones  Pressure:  20,000  psi 
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0500  .700  .900  1.100  1.300  1.500  1 

t/D  (Thickness  To  Minor  Diameter  Ratio,  Actual) 


Mounting:  DOL  Type  I Material:  Plexiglas 
Temperature:  65-75  °F  Diameter:  1.000  IN. 
Pressure:  20,000  psi 


.0500  .700  .900  1.100  1.300  1.500  1.700  1.900  2.100 

t/D  (Thickness  To  Minor  Diameter  Ratio,  Actual) 


B.2.4  Permanent  Deformations 


The  ciata  in  this  section  are  concerned  with  the  permanent  deformations  of  conical 
frustums  with  included  angles  of  30,  hO, ‘)0,  120.  and  1 50  degrees  (0.5,  1.04,  1.57,  2.09, 
and  2.6  radians)  after  1000  hours  of  long-term  pre.ssure  loading  at  20,000  pounds  per  square 
inch  (137.9  megapascals)  at  amhient  room  temperature  in  mountings  with  Di/Df=  1.0. 


Conical  frustums  with  l/I):  = 0.75;  elevation. 


Canical  rnislums  with  I 'D  = O.S75 ; elevation. 


7 8 9 10 

Ocean  Engineering  Division 


Conical  frustums  with  t/Dj  = 1 .0;  high-pressure  face. 


Conical  Trustums  with  t/D;  = 1 .5;  elevation. 


Conical  frustums  with  t/Dj  = 1 .5;  high-pressure  face. 
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Al’Pl  NDIX  t . CRITICAL  1‘RL:  SURKS  AND  DISPLACI  MI  NTS 
OF  SPHl  RIC  AL  SECTORS 


C.l  SHORT-TERM  PRESSURE  LOADINC; 

Slioft-torm  pivssuro  lojilini;  ci'iisistcil  of  pivssiiri/iiii:  i1k-  viowport  assi-mhly  at  a 
rate  ot'(i5()  pouiuK  per  square  ineli  (4.4S  meiiapaseals)  per  miiuite  until  eatastrophie  I'ailure 
1)1  the  wiiulow  tuok  plaee.  During  the  pressuri/ation.  avial  ilisplaeement  was  lueasureil  at 
tile  eenter  of  the  wiiuluu's  lou-pressure  laee.  This  axial  displaeement  represents  the  sum  ot' 
wnulow  delleetion  aiul  slidiiii;  insule  the  eonieal  mountmi;. 

Data  uenerateil  h\  windows  under  short-term  loadinu  operationalK  represent  the  he- 
havior  ol  wiiulows  durim;  a di\e  h\  a submersd'le  or  durme  the  pressuri/ation  process  of  a 
h\  perharie  ehamher.  As  soon  as  the  suhmersdile  ceases  to  sink  or  the  h\  perharie  ehamher 
ceases  to  he  pressuri/ed  h\  its  operator,  the  hehaMor  of  the  windows  starts  to  deviate  from 
short-term  ilata.  Its  axial  displacement  mereases  even  ihoueh  the  pressure  loadine  remains 
constant  and  the  potential  critical  pressure  value  decreases,  both  as  I'unctions  of  time  under 
a ;aiven  siistameil  pressure  lo.idme 

\s  a result  ol  their  opeialu'iial  limitations,  short-term  data  should  be  useil  only  with 
a complete  undersiandme  ol  their  hmlt.ltlon^  for  this  reason,  short-term  data  are  iienerallv 
Useil  onlv  tor  four  purposes 

a.  1 valuation  ol  new  wiiuU'w  m.iterials.  mounime  ilesiyiis.  mounting  seat  finishes, 
aiul  other  ilesmn  ,md  material  v.inables 

b I valuation  ol  damaye  to  a window  m the  lorm  of  cra/iny.  scratches,  cracks, 
weathermy.  nuclear  ravhalion.  etc 

c.  Determination  ol  the  displacements  ol  windows  duriny  temporarv 
overpressuri/ation 

d Detei nimalK'ii  ol  the  crilic.il  pressures  ol  wiiulows  under  temporary 
overpressuri/atioii 

I he  data  yeneraleil  bv  vv  mdovv.  tested  m niountinys  vv  ith  1),  Dp  = l)j  ( Dj  - 0.2  Rjl* 
are  from  the  operational  standpoinl  ihrectiv  .ipplicable.  since  usuallv  in  operational  view- 
ports III  pressure  vesseb  1),  l)|  is  yreatei  Ilian  I t). 

Data  generated  bv  windows  al  ambient  room  temperature  are  ilirecllv  applicable 
onlv  to  operational  conditions  at  room  temperatures  ( (i.x  to  7.x  I' ) ( 1 b to  24°C ).  lor  oper- 
ational temperatures  below  room  temperature,  the  room-temperature  ilata  become  conserva- 
tive. while  for  temperatures  abov e room  temperature  Ihev  are  unacceptable  unless  properly 
discounted 

Most  data  were  yenerated  with  model-scale  windows  for  reasons  of  economy.  Since 
It  has  been  proven,  however,  that  there  is  no  si/e  eltect  lor  acrylic  pl.istic  (while  it  is  known 


ti>  exist  tor  eoneroto,  iilass.  and  otlier  Inittlo  mati  rials),  data  t'roin  modol-scalo  windows  ean 
ho  Used  will)  ooiifidonoo  lor  prodioting  tlio  porroiinanoo  of  I'ull-soalo.  acrylic  plastic,  conical 
rnistnnis.  Tho  critical  irrossuros  can  ho  diroctly  used,  as  tho  critical  prossnro  lor  inoilol-  and 
I'nll-scalo  windows  is  tho  samo,  it'  hot'i  have  tho  sanio  includod  angle  and  t Dj  ratio  and  are 
tested  in  mountings  w ith  tho  samo  !>,  Df  ratio.  Sliding  and  axial  displacements  of  I ull-soalo 
wiiulows  can  ho  extrapolated  I'rom  the  displacements  of  moilel-scale  w iiuhnvs.  if  the  ilis- 
placements  of  moilel-scale  window  s are  multiplied  hy  the  ratio  of  t'ull-scale  to  moilel-scale 
window  iliameters. 

1 he  sliding  displacement  was  measured  along  the  surface  of  the  seat  in  the  sieel 
mounting,  l o obtain  the  axial  component  of  sliiling  in  the  mounting  seal,  the  recorded 
sliding  values  must  he  multiplied  hy  cos  a '2.  w here  o represents  the  total  included  angle 
ot  the  spherical  sector. 

C. I.I  Critical  Prcs.siires 

D.ita  in  this  section  are  concerned  with  the  critical  pressures  of  spherical  sectors 
w ith  (d)-.  ')()-.  1 20-.  I 50-,  and  1 SO-ilegree  ( O.."^.  1 .04,  I ..s7.  2.00.  aiul  .v  1 4 radians) 
inchideil  angles  under  short-term  pressure  loading  at  amhieni  room  temperature  in  the 
mounting  with  l)t  = ( D,  - 0.2  R,). 


d 


C-0 


Critical  Pressure 


Material  — Grade  G Plexiglas 


4.770  in. 


Critical  Pressure  (psi  x lOn 


Spherical  radius 


C.1.2  Sliding  Displacement 


riic  data  ill  tliis  section  arc  concerned  witli  the  sliding  displacements  of  spherical  sec- 
tors with  30-,  OO-.  d()-.  1:0-.  150-,  and  180-degree  (0.5.  1.04,  1.57.  2.00.  2.6.  and  .3. 1 4 radi- 
ans) included  angles  under  short-term  pressure  loading  at  ambient  room  tem|ieratures  in  the 
mounting  with  l)|  = (l)j  — 0.2  Ki'i. 


I 
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Sliding  Displacement  of  the  windows  bearing 


Material  — Grade  G Plexiglas 


0.04  0.08  0.12  0.16  0.20 
Sliding  Displacement  (in.) 


Sliding  Displacement  (in.) 
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0.04  0.08  0.12  0.16  0.20 

Sliding  Displacement  (in.) 


Material  - Grade  G Plexiglas  Sliding  Displacement  of  the  windows  bearing 

Thickness  tolerance  - ±0.010  in.  surface  is  measured  parallel  to  the  flange 


0.04  0.08  0.12  0.16  0.20 
Sliding  Displacement  (in.) 
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C.  1 .3  Axial  Displai  oinciit 

I Ik'  ilata  in  this  section  arc  cr)nccrnc(.l  with  the  axial  ilisiilaccincnts  ol  spherical 
sectors  witli  .M)-,  (U)-.  1 150-.  aiul  I XO-Oei-ree  (0.5.  1.04.  1.57.  2.0‘).  2.57.  aiui 

.V  14  raOians)  inchuleil  ancles  inuler  short-term  pressure  loaOinu  at  ainhient  room  tempera- 
tures in  the  mountinc  with  Df  = ( l)j  ~ 0.2  Rj) 
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Material  - Grade  G Plexiglas 

Thickness  tolerance  — ±0.010  in. 


Axial  Disp 
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Axial  Displacement  (in.) 


Material  — Grade  G Plexiglas  Axial  Displacement  of  the  center  point  on 

Thickness  tolerance  — ±0.010  in.  low-pressure  face  is  measured  along  the 


C.2  LONG-TtKM  PRtSSUKE  LOADING 


l-on^-tLMin  pressure  loailiiie  eoiisisteil  of  pressuri/int;  tlie  viewport  assembly  at  a rate 
of  650  poimils  per  square  ineli  (4.48  meeaiiaseals)  per  minute  to  the  desireil  pressure,  hoki- 
in;a  it  for  several  minutes,  aiul  then  depressuri/ini!  to  0 pouml  per  scpiare  ineh  (0  mejia- 
paseal).  T'lie  windows  were  subsequently  inspected  for  cracks,  measured  lor  perntanent 
deformation,  anil  photojirapheil.  The  tests  were  perlormed  w ith  model-scale  w inilows  at 
room  temperature  m mountinits  w ith  l)|  = (l)j  - 0.2  Kj). 

The  axi.il  and  slidin;a  displacements  of  moilel-scale  w iiulow  s can  be  used  to  predict 
the  axial  anil  shilme  ilisplacements  ol  lull-scale  winitows.  il  the  ilisplacements  ot  the  model- 
scale  windows  are  multiplied  b\  the  ratio  of  full-scale  to  model-scale  window  diameters. 
Ifecause  the  test  data  were  uenerated  at  room  temperature,  they  are  directly  applicable  onK 
to  operation.il  conditions  .it  room  temperature,  l or  operational  temperatures  below  room 
temperature,  the  ilispl.iceinent  data  beeomes  very  conservative  as  there  is  a signilicant  de- 
crease in  displacement  .ind  perm.inent  deformation  at  lower  temperatures.  1 or  temperatures 
.ibove  room  temper.iture.  the  displacement  il.it.i.  as  show  n,  cannot  be  salely  applied. 

Since  .ill  lon.e-term  sliding  and  axial  ilispl.iceinent  data  have  been  generateil  in 
ini'un t mgs  w 1 1 h l)|  D|  ” D)  (D|  — 0.2  Rjl.  thev  areilirectiv  .ipplicable  to  all  operational 
viewport  ilesigns  with  D,  D|'2^  10.  However,  ti'  iletermine  the  actual  value  the  wimlow  s 
sliding  or  axial  displacement,  llie  time-dependent  sliding  or  axial  displacement  must  be 
.iilded  to  the  v.ilue  for  the  short-term  sliding  or  axial  displacement  lor  the  given  pressure 
used  in  the  long-term  tests. 

rile  v.ilues  of  loiig-tcnit  [ircssiirc  loailhig  were  clu'sen  to  be  less  than  those  lor 
short-term  critic.il  pressures,  but  gre.iter  th.m  one-halt  ol  critical  pressure  under  short-term 
lo.idiin;.  rinis.  the  I'ressure  v.ilues  for  long-term  loadings  .ire  2 to  8 times  higher  than  are  the 
tvpical  oper.itional  pressures  for  spherical  sectors.  1 herelore.  the  ilisplacement  data  in  this 
section  cannot  be  used  for  predicting  displacements  ol  spherical  sectors  under  t>  |iical  oper- 
ational pressures.  I hey  are  ver\  useful,  however,  for  predicting  displacements  during 
acciilent.il  overpressuri/.ition  lasting  onlv  a few  minutes. 
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C.2.1  Timc-Depciulcnt  Sliding  Displacement 

11)0  data  in  tliis  scctinn  are  concerned  witli  the  time-dependent  sliding  displacements 
of  spherical  sectors  will)  30-.  (>()-, ‘H)-,  120-.  1 50-.  and  1 SO-degrec  ( 0.5,  1.04,  1..^7.  2, 00.  2.0. 
and  3. 14  radians)  included  angles  rinder  long-ter)))  pressure  loading  at  a)))hient  roon)  tei))pera- 
tnre  in  the  n)oimting  with  l)f  = ( l)j  - 0,2  Rj). 
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Each  curve  represents  only  one  window  specimen 
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Time-Dependent  Sliding  Displacement  (in.) 
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Each  curve  represents  only  one  window  specimen 
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Time-Dependent  Sliding  Displacement  (in.) 
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C.2.2  Time-Depciuleiit  Axial  Displacement 

riic  data  in  tliis  section  are  eoncerneil  witli  tlie  tiine-depeiuient  axial  displacement 
of  spherical  sectors  with  30-.  (>0-.  OQ-,  120-,  150-.  and  1 XO-dciiree  (0.5.  1.04.  1.57.  2.00. 
2.0.  and  3.14  radians)  included  angles  under  long-term  pressure  loading  at  amOient  room 
temperature  in  the  mounting  with  l)|  = (Dj  - 0.2  Kj). 


Time-Dependpnt  Axial  Displacement  (in.) 


8,500  psi 


0.04  0.08  0.12  0.16  0.20 

Time-Dependent  Axial  Displacement  (in.) 


men 


0.12  0.16  0.20 
Diacement  (in.) 


0.04  0.08  0.12  0.16  0.20 
Time-Dependent  Axial  Displacement  (in.) 


